Introduction
Microchannels and minichannels are being considered in systems that need to dissipate large heat fluxes efficiently while keeping the surface temperatures within prescribed limits. The effect of microgravity on the flow boiling heat transfer characteristics is an area of great interest in establishing the viability of microchannels and minichannels in space applications. The effect of gravity under different orientations is also an area of interest for earth-based systems.
Complex interactions have been observed among the liquid and vapor phases and the channel walls during flow boiling in small diameter channels. These interactions have been found to be further dependent on the heat flux ͓1͔. The effect of surface tension forces is also expected to be important ͓2͔.
The low mass flow rate during flow boiling combined with the small channel diameter yields the all-liquid flow Reynolds numbers that are in the laminar region. In many cases, the Reynolds number is on the order of 100 or lower. Before developing generalized flow pattern maps, and heat transfer and pressure drop models, it is essential to gain a clear understanding of the twophase flow characteristics under flow boiling conditions through high-speed imaging along with accurate experimental data for local heat transfer coefficients.
Kandlikar ͓3͔ reviewed the forces experienced by the liquid interface during flow boiling in small diameter channels. As the channel dimensions become smaller, the ratio of the surface area to the flow volume increases and the surface tension forces becomes more dominant. Another force that plays a major role is the momentum force caused by the rapid evaporation of liquid at the liquid-vapor interface. The influence of the gravitational force is expected to be small because of the higher surface area to flow volume ratio. Since the interface shape and its motion determines the liquid-vapor flow patterns, it is reasonable to expect a diminishing effect of gravitational forces on the flow boiling phenomena in narrow channels. This feature makes the flow boiling in narrow channels very attractive for space systems as the evaporator performance is expected to remain unaffected by the microgravity environment. The present investigation is aimed toward experimentally evaluating the influence of gravity on the flow boiling phenomena. This is accomplished by changing the orientation of the flow channel. Three orientations are studied, horizontal, vertical upflow, and vertical downflow with flow boiling of water in a set of six parallel minichannels of 1054ϫ 197 m rectangular cross-section.
Literature Review
Early studies on small diameter channels focused on gas-water flows; Fukano et al. ͓4͔ used horizontal tubes with inner diameters of 1.0 to 4.9 mm and Wambsganss et al. ͓5͔ used a horizontal round tube of inside diameter 2.90 mm. Kasza et al. ͓6͔ studied a rectangular channel of 2.5 mm by 6.0 mm and compared the flow pattern transitions with the available flow pattern maps. They confirmed the presence of bubbly, plug, slug, and annular flow patterns, with a stratified region limited to very small flow rates. Triplett et al. ͓2͔ used circular microchannels with inner diameters of 1.1 and 1.45 mm. They suggested that due to the dominance of surface tension forces, stratified flow is essentially absent, slug ͑plug͒ and churn flow patterns occur over extensive ranges of parameters, and the slip velocity under these flow patterns is small. The flow pattern observations were done in a systematic fashion by Cornwell and Kew ͓7͔ with R-113 in 0.9ϫ 1.2 mm 2 rectangular minichannels. They identified a flow pattern referred to as the confined bubble region. Here the bubbles nucleate and grow to occupy the entire channel. Large vapor bubbles fill the channel with liquid slugs between the consecutive elongated bubbles. This flow pattern is similar to plug flow. Kandlikar and Balasubramanian ͓8͔ compared the flow patterns for single and multiple channels and found that the backflow was significantly reduced for a single channel. A detailed summary of flow pattern visualization in minichannels is given by Kandlikar ͓9͔.
Hetsroni et al. ͓10͔ investigated microchannels of 103-129 m hydraulic diameter with all-water Reynolds numbers in the range of 20-70. They visualized the flow to be annular, with intermittent dryout and rewetting of the channels. Nucleation was not reported during the annular flow. Vapor was observed in the inlet plenum; similar observations were made by Kandlikar et al. ͓1͔ for 1 mm parallel channels. The instability resulting from the boiling in parallel channels was observed in microchannels as well. Kandlikar et al. ͓1͔ and Kandlikar ͓3͔ report the flow patterns in a 1 mm 2 stainless steel channel heated with oil. They noted significant flow oscillations due to localized boiling. The expanding bubbles at any location experience very large growth rates and cause the liquid fronts to move away on both sides of the bubble in the channel. The resulting flow reversal introduces significant pressure fluctuations in the channels. The reversed flow in the channels causes the vapor to flow back into the inlet manifold, leading to flow maldistribution in the inlet header. This behavior leads to the premature critical heat flux ͑CHF͒ condition.
Although high speed cameras were used by earlier investigators to visualize the flow boiling phenomena, the rapidly moving liquid-vapor interface has not been clearly observed by them under high heat flux conditions. Use of low frame rates can mask some of the observed flow patterns. The shortest exposure time used in the present investigation was 1 / 80,000 s, and the image capture rate varied from 6000 to 15,000 fps.
Objectives of the Present Work
The present work focuses on obtaining very clear images using frame rates of up to 15,000 fps coupled with very short exposure times of down to 1 / 80,000 s. This enables, for the first time, clear visualization of the interface motion resulting from rapid growth of nucleating bubbles and fast moving vapor plugs during flow boiling in minichannels. Very high-resolution images ͑1024 ϫ 512 pixels͒ of the fast moving liquid-vapor interface are obtained by adjusting the frame rate, exposure time, and lighting conditions. These clear images are then used in understanding the differences in flow patterns for the three orientations and relating them to the quantitative data on heat transfer and pressure drop performance.
The effect of gravitational orientation on flow boiling in parallel minichannels is studied for the three cases-horizontal flow, vertical downflow, and vertical upflow-under the same heat and mass flux conditions. The effect of orientation on the heat transfer performance and pressure drop characteristics is studied. The effects of flow structure on heat transfer and pressure drop characteristics for the three orientations are investigated. Specifically, the average surface temperature for these three orientations is studied in an effort to reveal the effect of gravitational orientation on the heat transfer phenomena.
Experimental Setup
The experimental setup is designed for testing the flow boiling performance of a rectangular minichannel test section under horizontal, vertical upflow, and vertical downflow orientations. Suitable test fixtures are designed to facilitate changing the test section orientation without interruption during testing under the same heat and mass flux conditions. The experimental setup is shown in Fig. 1 . It consists of ͑1͒ test section, ͑2͒ water supply loop, ͑3͒ data acquisition system, and ͑4͒ high speed camera system. The data acquisition and high speed camera systems are not shown in Fig. 1 . Figure 2 shows the details of the test section, which is a combination of three layers. The top layer is made of Lexan, an optically clear polycarbonate material with a thermal conductivity of 0.19 W / mK. The second layer is a copper block that contains the parallel minichannels. The copper is an electrolytic tough pitch alloy number C11000. It is comprised of 99.9% copper and 0.04% oxygen ͑by weight͒ with a thermal conductivity of 388 W / mK at 20°C. The third piece is made of Phenolic, a laminate of epoxy and paper with a thermal conductivity of 0.2 W / mK and acts as an insulator on the bottom side of the copper block. A cartridge heater supplied with a constant dc input power is used for heating the test section. These three layers form the test section assembly, which is held together by a set of ten mounting screws.
Thermocouples were placed in two layers in the copper block under the channel walls. Each layer contained six thermocouples placed at equal distance along the length of the flow channel. The layers were 2.97 and 6.14 mm below the channel walls. A onedimensional heat conduction equation was used to predict the channel wall temperature from the thermocouple measurements. This approach was earlier verified by Steinke and Kandlikar ͓11͔.
Six parallel minichannels are machined into the copper substrate. Using a microscopic vision system, the channel depth and width are measured at six locations along the channel length of 63.5 mm. The average channel dimensions are 1054 m wide by 197 m deep with a hydraulic diameter of 333 m. All measured width and depth values fall within ±10 and ±7 m of the average values, respectively.
The copper test section surface was lapped to provide a leakfree seal with the Lexan cover. The Lexan cover also serves as a header for the supply of water to the minichannels. The inlet and exit plenums are machined in the Lexan cover so as to minimize any preheating of water before it enters the minichannels. The plenums are 3.175 mm in diameter. A differential pressure transducer is connected between the inlet and the exit plenums through the holes drilled in the Lexan cover. The pressure in the exit plenum was observed to be very close to the atmospheric pressure.
Experimental Procedure
The experimental procedure for preparing degassed water and collecting experimental data is outlined in this section. Eight M⍀ deionized, and degassed water is used in the experiments. A commercially available pressure cooker equipped with a deadweight to attain a pressure of about 1 atm ͑14.7 psi͒ is used for preparing degassed water and supplying pressurized water to the test section. The pressure cooker is filled with deionized water and pressurized to about 1 atm ͑14.7 psi͒ by supplying heat. Once the chamber attains the set pressure, it is suddenly depressurized by removing the deadweight. This process leads to a very vigorous boiling, forcing the dissolved gases with steam out of the chamber. Repeating the above procedure two more times results in degassed water that remains degassed to a saturation temperature of 121°C. The remaining dissolved air present in the water will not precipitate as long as the temperature of the contacting surface stays below 121°C. The details of the degassing procedure are given by Kandlikar et al. ͓1͔ and Steinke and Kandlikar ͓11͔. Once the test section is assembled and well insulated, heat loss experiments are conducted. The heat loss calibration chart is plotted between the supplied power to the empty test section in watts and the difference in temperature between the test section surface and the ambient. For example, ⌬T s-amb of 50°C and 90°C had corresponding heat losses of 3.26 and 5.86 W, respectively. The heat loss data are used in calculating the actual heat carried away by water during the test.
All experiments were performed with degassed water. The water is drawn from the bottom of the pressure cooker and is passed through a flat plate heat exchanger to provide the desired water inlet temperature to the test section. Subcooled water was provided at the inlet in all experiments. The outlet of the test section is connected to a large vessel opened to atmospheric pressure. A flow meter is used to measure the flow rate. The accuracy of the flow meter is 3% of the full scale, or 0.25 cc/ min. A commercial software LabVIEW is used to monitor the thermocouples. Flow is started in the channel and the cartridge heater is powered. The mass flux is held constant while the input power is varied through the desired range. The resulting performance was recorded in terms of water flow rate, inlet and outlet water temperatures, temperatures inside the copper block along the flow length, and the inlet and exit pressures.
The images are acquired using a high speed camera after the system reaches steady state. It was observed that steady state is reached when the surface temperature reaches a constant value without any fluctuations for a time period of 15 min. An AF Micro Nikkor lens is used with the camera to gather detailed images of specific features and events. Most of the images were recorded at frame rates between 4000 and 15,000 fps, with exposure times of down to 1 / 80,000 s.
The experiments were conducted with the same mass flux and heat flux conditions for each orientation as described in Table 1 . These conditions are G = 120 kg/ m 2 s and qЉ = 317 kW/ m 2 , resulting in an exit quality of 0.382.
Uncertanity
The uncertainty of the experimental data was determined. The pressure transducer has an accuracy of ±0.69 kPa. The temperature reading accuracy is ±0.1°C. The power supply accuracy for voltage and current supply are volts= ± 0.05 V, I = ± 0.005 amp. The resulting differential pressure accuracy is DP= ± 1.03 kPa. The calculated uncertainty in the heat transfer coefficient is 8.6%.
Data Analysis
The equations used in calculating the local heat transfer coefficient and quality are explained in this section. Although flow fluctuations were observed during experiments, a uniform flow distribution is assumed in each channel. The local heat transfer coefficient and quality are therefore representative of respective time-averaged values. A linear variation in pressure is assumed in the channel to calculate the local saturation pressure and the corresponding saturation temperature. The surface temperature is calculated by assuming one-dimensional heat conduction from the thermocouple layer to the base layer of the minichannels. The heat flux qЉ is determined from the power supplied by the cartridge heater. The uniform heat flux assumption at the channel walls was confirmed by Steinke and Kandlikar ͓11͔. The local heat transfer coefficient at a given section along the flow length is then calculated by using Eq. ͑1͒:
where T s is the local surface temperature calculated by extrapolating the temperature readings from the two thermocouples placed in two layers underneath the channel walls in the copper block at the given location. The local quality is calculated from the following equation:
where Z sat is the length from the location where x = 0 in the channel. Since the top surface is covered with Lexan, heat is supplied only to the three sides of the minichannels.
Results
The high speed pictures for the three orientations are presented in this section in Figs. 3-17. The heat and mass fluxes and local quality at the exit end of the images are included in the figure titles. This is followed by the local heat transfer and pressure drop data. In all video images, the channel width is clearly visible and provides the necessary length scale ͑channel width-1054 m͒. This scale is also mentioned in each figure title.
The results for the horizontal flow case are presented first, followed by the vertical downflow and vertical upflow, respectively. Churn flow, which is not widely reported in literature, was observed in the horizontal flow. The events leading to this flow pattern are illustrated in Fig. 3 . The bulk flow in the channels is from left to right. Churn flow is defined as the occurrence of intense mixing of the liquid and vapor phases during flow boiling in a channel. As seen from frames ͑a͒ and ͑b͒ in Fig. 3 , waves in the liquid film surrounding the vapor core sometimes occupy the en- tire channel. Their subsequent breakup, as shown in frames ͑c͒ to ͑g͒, leads to localized churn flow and its movement towards the channel exit. From this observation it can be seen that churn flow is caused by intense mixing of the liquid and the vapor phases present in the channel. Figure 4 illustrates the plug flow. The bubbles nucleate near the edges and grow to fill the entire channel width leading to plug flow. Once the bubbles fill the entire channel, they start to expand by pushing the liquid fronts on both sides. This expansion of the bubble results in a vapor plug. The size of the plug is dependent on the upstream and downstream flow conditions. In certain cases, the plug can grow to fill the entire length of the channel, causing dryout downstream. In the case presented in Fig. 4 , the plugs are shown to grow to a certain size as they exit the field of view. Also seen in the Fig. 4 are small nucleating bubbles that float in the liquid slugs present between two successive vapor plugs.
Another interesting feature to note is that the plug, which is present towards the left of the channel in frames ͑a͒ to ͑f͒, anchors itself near the nucleation site and grows in size forcing the other plugs to move faster along the direction of the bulk flow. Figure 5 shows a very interesting instance of vapor plug disappearance, which has not been reported by any of the earlier investigations. Frames ͑a͒ and ͑b͒ show two plugs present in the channel; flow is from left to right. The plug on the left side has just nucleated and is growing. The plug towards the right side of the channel has already grown and is expanding in length in both directions ͑notice the associated reversed flow͒. Frames ͑c͒ to ͑f͒ show the interesting feature of the plug on the left reducing in size and the plug on the right increasing in size. Frame ͑f͒ shows the plug to the left almost reduced to a thin crescent and about to collapse completely. Frame ͑g͒ shows no trace of this plug, and the plug on the right is filling up the entire channel. The fluctuating pressure in the channel is seen as the main reason for the collapse of the vapor plug. The growth of a bubble and its development into a plug in the channel is affected by pressure fluctuations caused by channel-to-channel interactions through the inlet header. merger. Frame ͑e͒ shows the breakup of the liquid plug resulting in a momentary churn flow as seen in previous cases described in Fig. 3 for the horizontal flow case. Figure 8 shows the sequence of bubble merger and development of a vapor plug. Flow is from left to right. In the present work on horizontal flows, bubble merger was not observed. Instead, individual bubbles nucleated and grew into vapor plugs. Frame ͑a͒ shows a cluster of bubbles nucleating at the left side of the channel wall. Also, we can see some individual bubbles floating upstream in the bulk liquid. Frames ͑c͒ and ͑d͒ show the bubble merger and growth into a vapor plug. The interface of the plug has a wavy shape as it is not completely developed and continues to gather neighboring nucleating bubbles. Frame ͑d͒ also shows the developing plug with tiny bubbles floating upfront. Frame ͑e͒ shows bubbles nucleating in the thin film around the vapor plug. Frame ͑f͒ shows the plug almost filling the entire width of the channel.
A high record rate is needed to capture minute details of flow boiling in small hydraulic diameter channels. Frame ͑a͒ in Fig. 9 shows the channel filled with bubbles at the top and a vapor plug filling up the rest of the channel ͑flow is vertical downflow͒. Notice the distinctive shapes of the front ͑bottom͒ and the back ͑top͒ interfaces of a vapor plug. Frames ͑b͒ and ͑c͒ show some of the bubbles growing into plugs and pushing the liquid front downstream. Frames ͑d͒ and ͑e͒ show the developed plug compressing the liquid front with the bubbles floating and becoming squeezed between another plug present up front and the channel walls. Frame ͑f͒ shows the plug with the bubbles breaking through the slug causing an intense mixing. For the same operating condition different flow patterns are seen at the same location, and from this observation it can be concluded that the flow patterns in minichannels are time dependent. Figure 10 shows the presence of bubbly flow with bubbles nucleating along the left wall of the channel ͑flow is vertical downflow͒. From the observations made over longer time intervals, the bubbles were observed to nucleate at high frequency and then flow along in the bulk liquid. Frames ͑a͒ and ͑b͒ show the bubbles nucleating along the left wall. The lower half of the channel is filled with a vapor plug. Frames ͑c͒ -͑f͒ show the nucleating bubbles being pushed downstream by the rapid expansion of another vapor plug present upstream in the channel. Figure 11 shows the occurrence of churn flow along with bubbly and plug flow ͑flow is vertical downflow͒. Frame ͑a͒ shows the entire channel filled with liquid. The sequence of events shown in frames ͑b͒ -͑e͒ leads to churn flow as seen at the lower end of frame ͑f͒. Frame ͑e͒ shows an array of bubbles nucleating on the right side of the channel wall. Frame ͑f͒ shows a new upstream plug flowing down the channel. Figure 12 shows the occurrence of periodic dryout and rewetting of the channel ͑flow is vertical downflow͒. The bright light reflected from the bottom of the channel indicates the absence of a liquid film ͑dryout condition͒ in front of the approaching liquid in frames ͑a͒ -͑f͒. Frame ͑a͒ shows the channel completely dried out and frames ͑b͒ -͑d͒ show the liquid front rewetting the channel and subsequently becoming dried out as it flows down the channel. Frame ͑f͒ again shows the entire channel going into a dryout condition. Note the intense agitation seen at the liquid front in frames ͑e͒ and ͑f͒. This figure shows the nature of the dryout leading to the critical heat flux condition in small hydraulic diameter channels.
Plug to annular flow transition is seen in Fig. 13 . Frame ͑a͒ shows two individual vapor plugs present in the channel ͑flow is vertical downflow͒. Note the tapering shape of the head of the vapor plug present at the top of the channel. Frame ͑c͒ shows the change in shape of the head of the vapor plug from a tapering head to a round head. Frames ͑d͒ and ͑e͒ show the vapor plug cutting through the liquid front and colliding with another vapor plug present downstream. Also the wavy interface in the slug can be noted from frames ͑e͒ and ͑f͒. Figure 14 shows strong thin film nucleation present during flow boiling in minichannels ͑flow is vertical downflow͒. Frame ͑a͒ shows a vapor plug flowing down the channel. As described before there is a thin film of liquid present on the sides of the vapor plug. As this vapor plug flows down the channel, the nucleating cavities present on the channel walls under the thin water film begin to nucleate. Frames ͑e͒ and ͑f͒ show bubbles nucleating in the thin film and interacting with the vapor plug. This thin film nucleation results in a strong interaction with the vapor core. Figure 15 shows backflow or flow reversal in a minichannel. The inlet manifold ͑not shown͒ is located close to the top in the figure. Frame ͑a͒ shows a single bubble nucleating from the right wall of the channel. Frame ͑b͒ shows the bubble developing into a plug and expanding on both sides of the channel pushing water present upstream and downstream of the channel. Frames ͑c͒ -͑e͒ show the plug expanding all the way towards the inlet manifold of the channel located at the top. Frame ͑f͒ shows the plug filling the entire channel and entering the inlet manifold. This results in severe flow maldistribution, which affects the pressure drop and heat transfer characteristics as explained in subsequent sections.
Figures 16 and 17 correspond to the vertical upflow case. The test section orientation is switched so that the inlet plenum is now located at the bottom and the exit plenum is located at the top of the channels. The rest of the experimental setup remains the same. An interesting observation of bubble growth and fluctuations is seen to occur in the present case as shown in frames ͑a͒ -͑f͒ in Fig. 16 . Frame ͑a͒ shows two bubbles nucleating on the same side of the channel. Frames ͑b͒ -͑d͒ show one of the bubbles reducing in size and almost about to collapse as a result of the backflow induced by a rapidly expanding downstream slug. Frame ͑e͒ shows the bubble again growing back to its original size and developing into a plug. Figure 17 shows flow in the vertical upflow direction. Frames ͑a͒ and ͑b͒ show two vapor plugs present in the channel. The bulk flow is from bottom to top. Frame ͑c͒ shows the plug present in Other flow patterns observed in the vertical upflow case were quite similar to the horizontal case; however, the interactions between the two phases were less chaotic, and the severity of backflow was also less.
Comparison of Flow Pattterns for Three Orientations
A comparison of the flow patterns and flow characteristics for the three orientations is now discussed. Vertical downflow is characterized by its distinct bullet-shaped vapor plugs. Thin film nucleation is seen very clearly in all cases. Merger of bubbles and vapor plugs coupled with rapid evaporation leads to churn flow in all cases.
Backflow is seen in every case, but the intensity is seen to be much stronger in the vertical downflow case. Rapid evaporation in a vapor plug aided by gravity causes the vapor to flow backward in a more pronounced fashion in the vertical downflow case. The resulting vapor backflow extends all the way into the inlet manifold for the conditions investigated here causing flow maldistribution in the channels. The heat transfer and pressure drop characteristics are affected by this maldistribution. This is confirmed by the results presented in the next section.
Another observation is made regarding the nonequilibrium effects. As a result of backflow, pressure fluctuations are observed in the channel. A detailed study of pressure fluctuations, dominant frequency, and its magnitude is reported in a separate study by Balasubramanian and Kandlikar ͓12͔. In most experiments, the pressure fluctuations were between 1 and 1.5 kPa. The changes in local saturation temperature resulting from these pressure fluctuations play a role in condensation of bubbles as seen in Figs. 5 and 16. The time-dependent nature of flow patterns, presence of thin film nucleation and churn flow, influence of nonequilibrium effects, and nature of gravitational influence along the flow direction are major observations made from the high-speed images obtained in this study.
Heat Transfer and Pressure Drop Characteristics for Three Orientations
The effect of gravitational forces normal to the flow direction is not expected to be significant for hydraulic diameters smaller than the boiling length scale, derived as = ͱ / g͑ L − V ͒. For water at atmospheric pressure, this length scale is 2.5 mm, which is considerably larger than the flow channel hydraulic diameter of 0.333 mm. However, the orientation of channel length with respect to gravity vector may be important.
In an effort to study this effect, the local heat transfer coefficient is calculated using Eqs. ͑1͒ and ͑2͒ for the three cases under the same operating conditions. The associated pressure drops are also measured, and the results are discussed in this section. First the pressure drop results are presented.
The instantaneous values of pressure drop obtained from the pressure transducer were averaged over a 5 s time interval ͑to filter out higher frequency terms͒ and are plotted in Fig. 18 for the three orientations tested under the same operating conditions. The gravitational pressure drop term has been accounted for by subtracting it for the downflow case and adding it for the upflow case. Average test section quality was used in the calculations of gravitational pressure drop under homogeneous flow assumption. Although this assumption is not supported by the visual observations, the error introduced is believed to be quite small as the same procedure was applied to all three cases in making this comparison. Also, the magnitude of the gravitational pressure drop contribution was quite small ͑0.5 kPa͒ compared to the total pressure drop of around 6 -9 kPa. It can be seen from Fig. 18 that the pressure drops are very similar for the horizontal and vertical downflow cases, while it is about 25 percent lower in the vertical upflow case.
The variation of the local heat transfer coefficient with quality for the three orientations is plotted in Fig. 19 . The associated error bars are also indicated for each data point. It can be seen that the vertical upflow and horizontal flow cases yield very similar results, but the vertical downflow case results in a considerably lower performance ͑30-40 percent͒.
The decreasing trend in h with quality seen in Fig. 19 for all three cases is consistent with the earlier observations by Steinke and Kandlikar ͓13͔. This trend indicates the dominance of nucleate boiling. This finding is supported by the high speed images in Figs. 3-17 showing the presence of nucleating bubbles at the walls during bulk liquid flow as well as in the thin liquid film surrounding a vapor plug or during annular flow. Further, the periodic movement of the advancing and receding interfaces over the channel walls is similar to the bubble motion during its ebullition cycle in nucleate pool boiling as described by Kandlikar ͓3͔. Table 1 gives the summary of values of mass flux and heat flux along with corresponding average values of surface temperatures, pressure drops, and heat transfer coefficients in the two-phase region for all three cases. The average values in this table are determined in the test section using the temperature measurements in the two-phase region only ͑identified as the region where thermodynamic quality is greater than zero͒. It can be seen that the vertical upflow case has the lowest average pressure drop and highest average heat transfer coefficient. The lowest value of pressure drop for the vertical upflow case is the result of buoyancy aiding the vapor flow and causing fewer chaotic liquid-vapor interactions as confirmed from the visual observations. The downflow has the highest pressure drop. The opposing buoyancy force is believed to cause more vigorous interactions between the two phases, causing more severe backflow characteristics.
The average heat transfer coefficient for the horizontal and upflow cases are similar. However, the downflow case resulted in a lower heat transfer coefficient. The main difference noted from the high-speed visual observations was that the backflow in the downflow case was more severe, with pronounced reversed flow of vapor into the inlet manifold. The resulting increase in flow maldistribution is the primary cause of the heat transfer degradation for the vertical downflow case.
The reversed flow characteristics in the horizontal flow and vertical upflow cases were observed to be similar. Although the pressure drop for the upflow case was lower, it did not influence the heat transfer coefficient. Thus, the only cause for heat transfer degradation is seen to be due to enhanced flow maldistribution in the vertical downflow case. Extending this to a microgravity environment, the absence of gravity is expected to yield heat transfer and pressure drop results very similar to the horizontal case, since the absence of the gravity vector should not cause any changes in the forces along the flow direction when compared to the horizontal case. Further, the backflow characteristics are also expected to remain unaltered from the horizontal case. This conclusion is important in confirming that the microgravity environment will not alter the flow boiling characteristics of minichannels and microchannels. However, it is strongly recommended that actual experiments under a microgravity environment should be performed before any firm conclusions are drawn. Further, efforts should be made to remove the backflow problem associated during flow boiling in minichannels and microchannels as this condition is not acceptable in safe operation of heat transfer equipment is space application. Experimental work on this aspect is currently being undertaken.
Conclusions
1. High resolution images of flow patterns in minichannels under ͑a͒ horizontal flow, ͑b͒ vertical upflow, and ͑c͒ vertical downflow orientations are reported. Frame rates of 6000-15,000 fps and exposure times of up to 1 / 80,000 s are used to capture clear images of the rapidly evolving events during flow boiling in small diameter channels. Use of lower frame rates may mask the occurrence of some of the observed flow patterns. Shorter exposure times are needed to provide clear pictures of the liquid-vapor interfaces. 2. It is found that the flow patterns are time dependent. Bubbly flow, thin film nucleation, plug flow, annular flow, and churn flow are observed in all three orientations. Thin film nucleation and rapid evaporation during bubble and vapor plug mergers lead to localized churn flow. 3. The flow patterns for the three orientations are observed to be similar, except for the changes in the shape of the vapor plugs ͑bullet shaped for vertical downflow͒ and the flow reversal characteristics. 4. Flow reversal is observed in all three orientations, but the effect is most pronounced in the vertical downflow case. Reversed flow of vapor into the inlet manifold is observed to be quite severe for this case. 5. Vertical upflow has a lower pressure drop when compared to the horizontal flow and the vertical downflow cases. This difference is attributed to the less chaotic two-phase flow observed in the vertical upflow case. 6. The vertical upflow case has a higher average heat transfer coefficient than the vertical downflow case under the same operating conditions in this study. This is mainly due to the backflow of vapor into the inlet manifold, causing increased flow maldistribution in the vertical downflow case. The heat transfer performance for vertical upflow is very similar to the horizontal flow case. 7. The nucleating bubbles are found on the wall during passage of the bulk liquid as well in the thin liquid film surrounding the vapor plug and in the annular film. These visual observations support the conclusions indicating dominance of nucleate boiling as seen from the decreasing trend in h versus x reported in this ͑Fig. 19͒ as well as other earlier investigations, e.g., Steinke and Kandlikar ͓13͔. 8. The rapidly moving interface of a fast growing bubble and the liquid front near dryout condition are observed to reveal the mechanisms leading to CHF. Further work in this area is recommended. 9. The flow boiling performance of the minichannel under a microgravity environment is expected to be similar to the horizontal case as the absence of the gravity vector, which is normal to the flow direction in the horizontal case, is not expected to alter the backflow characteristics. The backflow characteristics are found to be mainly responsible for the increased flow maldistribution and associated reduction in the heat transfer performance in the vertical downflow case. Actual experiments under microgravity environment are recommended before any firm conclusions can be made even under the current test conditions, and especially over a wider range of operating conditions.
